Abstract
INTRODUCTION
Optical fibers are devices that have the ability to transfer energy from one spatial mode to another. These optical fibers can be used as effective sensors because it can be used in remote and hazardous environments that suffer from severe electromagnetic interference. Optical fiber grating has made significant contributions in research and development in the field of optical fiber sensing. When optical fiber is grated it changes the propagation of light within the fiber core. These gratings are produced due to perturbations caused by surrounding environment. The change in properties due to gratings has led to extensive study in fiber optic based sensor devices.
Fiber gratings can be broadly classified into two types. One is called as Fiber Bragg Gratings (FBG) and the other one is called as Long Period Grating (LPG). Fiber Bragg Gratings or Short period fiber gratings basically have very short period typically in the range of 10 to100µm. In FBG the forward propagating mode couples with the reverse counter propagating mode [1] . This particular coupling takes place at a specific wavelength which is called as Bragg wavelength. This Bragg wavelength is dependent on the period of FBG and the effective index of propagating mode. External conditions like temperature, strain, refractive index changes can affect these parameters which in turn will shift the Bragg wavelength. This forms the basis of FBG sensing. The FBG sensitivities to temperature and strain are 13 pm K -1 and 1 pm µε -1 respectively [2] .
In the case of Long Period Grating (LPG), the forward propagating mode couples with co propagating cladding modes. It has long periods ranging from 100µm to 1000µ. These coupling show several dips in the transmission medium that is centred at discrete wavelengths. Each dip corresponds to coupling to different cladding mode.
Fig -1
Transmission Spectrum of LPG fabricated on SMF-28 with period 320µm [3] Coupling to different wavelengths depends on phase matching condition given by [3, 4] λ (m) = (n core -n clad (m) ) Ʌ (1)
Where n core and n clad is the effective index of core and cladding respectively. λ (m) is the coupling wavelength at m th cladding mode. These coupling wavelengths is dependent on LPG period, length of the LPG and surrounding environment like temperature, strain, refractive index changes. Changes in these parameters can alter the phase matching conditions for coupling to different cladding modes and hence modifies the dips in the spectrum.
The LPG sensitivity depends on composition of the fiber and the order of cladding mode and thus is different for each dip in the spectrum. These different responses make them an attractive choice for sensor applications including multi parameter sensor [4] .
LPG FABRICATION
LPG on optical fiber can be fabricated by making periodic perturbation on the refractive index of core. This can be done by making permanent modifications on the RI of fiber or by making physical deformations of the fiber.
LPG Fabrication using Ultraviolet (UV)

Irradiation
UV radiation is the most common method to fabricate LPG on optical fiber. It is typically performed on Ge-doped silica fibers in the wavelength range of 193 to 266 nm [5] . This is again done in many ways. For example it can be done by a point by point basis or the entire length of LPG may be exposed to the radiation by using a patterned mirror [6] or by using an amplitude mask [7] or by using a microlens array [8] .
An LPG fabrication using amplitude mask is shown.
Fig -2
LPG fabrication using UV irradiation [17] A broadband optical source is used to illuminate the optical fiber through amplitude mask of a particular period that is fabricated from either chrome plated silica [7] or a metal foil. The cylindrical lens produces a focused line along the axis of the fiber.
UV irradiation is widely used in FBGs [9] . This process improves the spectral characteristics and stability of LPG spectrum. Its useful in case of LPGs in non polarization maintaining fibers as it induced birefringence that produces polarization splitting in the dips seen in the transmission spectrum of LPG [10] . This method actually produces refractive index perturbation and during the process an unstable component is produced which changes the ventral wavelengths of the dips and the coupling strength as it decays with time [7] . Thermal annealing can be used to remove the unstable component but care must be taken for LPGs in certain applications. The photosensitivity of these fibers can be increased if the fibers are hydrogen loaded. It further shifts the central wavelengths and peak loss of the attenuation bands after fabrication as the hydrogen diffuses into the fiber [11] .
The characteristics of LPG transmission spectrum can be further modified after the fabrication process by etching the fiber diameter. It changes the effective index of the cladding modes and increases the central wavelengths. It also brings about a change in the electric field profile of the cladding modes as it changes the overlap integral and the coupling coefficient which in turn changes the central wavelengths of the attenuation bands [12, 13] .
Irradiation of Femtosecond pulses in Infrared Region
LPGs can also be fabricated using focused irradiation of femtosecond pulses. This particular method causes a permanent change in the index [14] . It produces periodic perturbation of refractive index of core by making use of light hat cannot be absorbed by core and cladding glasses or any polymer coating. LPGs fabricated using this method in the near infrared region (800 nm) [14] shows a very stable transmission spectrum upto 500 0 C. As compared to UV irradiation technique this method shows high resistance to thermal decay without making use of any other stabilization technique.
Ion Implantation Technique
This is another method for fabricating LPGs. This produces periodic perturbation of refractive index mainly by densification of silica glass using atomic collisions [15] . There are a few disadvantages. This process increases the cladding refractive index due to which the transmission spectrum shows more losses as compared to other methods. Also it requires a special equipment to carry out the process. The main advantage of using this method is that it can be applied to any type of silica fibers without any prior photo sensitization.
LPG Fabrication using CO2 Laser
Periodic perturbations can also be induced by means of CO 2 laser. This technique does not necessarily require hydrogen loaded fiber. LPGs fabricated using 10.6 µm laser light was shown to have very high thermal stability [16] . This laser light was focused on a spot by means of lenses and LPG is fabricated using periodical local heating. This method is considered to be flexible than UV irradiation. 
LPG Fabrication using Electric arc Discharge
Electric arc discharge is yet another flexible, easy to use and low cost technique to fabricate LPG as compared to UV irradiation. Like CO 2 laser this method too does not necessarily require hydrogen loaded fibers. An optical fiber is placed between the electrodes of a fusion splicing machine and exposing the fiber to electric arc. A load is placed on one end of the fiber to maintain a longitudinal stress and the other end is connected to a computer controlled translational stage. An electric current of about 8.5 to 10 mA for 0.5 to 2 seconds is applied on the fiber. The translational stage moves along the fiber after each discharge that is equal to the period [18] . LPGs fabricated by this method has shown greater thermal stability of transmission spectrum till 800 0 C [19] and if proper annealing conditions are applied then it can show thermal stability till 1190 0 C [20] .
THEORY OF LPG
An LPG consists of high index core which is surrounded by a lower index cladding, surrounded by air. The coupling of forward propagating guided mode to cladding modes depends on the phase matching condition given by equation 1. The minimum transmission of the attenuation bands is given by [1]
where L is the length of LPG, κ is called the coupling coefficient.
The coupling coefficient is determined by the overlap integral of core and cladding and by the amplitude of propagation constants. The cladding generally has a large radius so therefore it supports many cladding modes. Efficient coupling is only possible in case of a large overlap integral. In order to have a large overlap integral the modes must have similar electric field profile [21] . Hence efficient coupling takes place in case of core and circularly symmetric cladding modes of odd order. The electric field profile of these cladding modes has peak amplitude located within the core whereas electric field profile of cladding modes of even order has very low amplitude in the core [21] .
The first step towards analytical designing of LPG is to calculate the refractive index of core and cladding to determine the proper central wavelengths of the attenuation bands. The refractive index of core is generally calculated using the weakly guided field approximation of Gloge [22] . Likewise calculation of refractive index of cladding modes is presented in [21] . The effective indices and electric field mode profile of cladding modes depends on the core which must be considered for accurate characteristics of LPG [21] . The second step towards analytical designing of LPG requires the calculation of coupling coefficient which requires determination of electric field profiles of the modes.
Fig -3.
Coupling of guided mode with cladding modes of order (a) 1-9 (b) 18-27.
[17] Figure 3 was plotted using the method specified in [23] . It shows that coupling wavelength is dependent on the LPG period. These graphs shows that coupling to lower order modes take place at longer periods whereas coupling to higher order modes takes place at shorter periods. Figure 3b also shows that in case of higher order modes two attenuation bands are produced if coupling to one cladding can take place at two wavelengths [24] . It also shows in case of mode order 18 that coupling conditions can bring about a change in the coupling efficiency but not in the wavelength [25] .
TEMPERATURE SENSITIVITY OF LPG
The sensitivity of LPG towards temperature depends on three factors -period of LPG [4] , order of the cladding mode [4] and composition of optical fiber [26] . When all these factors combine together we can produce an LPG sensor that can give positive temperature sensitivity, negative temperature sensitivity and temperature insensitive sensor as well. The temperature sensitivity can be given by taking chain rule derivative of equation (1 Equation (2):- [17] Where T is the temperature, λ is the central wavelength of attenuation band, is the effective index of core, is the effective index of cladding, , L is the length of LPG, Ʌ is period of LPG The right hand side of the equation (3) which is given by change in differential refractive indices of core and cladding is the material contribution. This contribution depends strongly on the order of the cladding mode in which coupling takes place and the composition of the fiber. In case of lower order coupling modes the material contribution dominates whereas in case of higher order coupling modes the material effect is almost negligible [3] . The left hand side of equation (3) which is given by change in differential period of LPG is called by waveguide contribution. The sign of this term depends on the order of cladding mode. In case of lower order cladding modes the curve is positive and in case of higher order cladding modes the curve is negative from figure 3 (a) and (b). Thus by correct choice of period of LPG these two contributions can be balanced in such a way so that positive, negative and temperature insensitive LPG sensor can be obtained. It is also shown in [27] that the thermo optic coefficient which can be varied by the composition of fiber plays a strong role in temperature sensitivity of LPG. The graph shown in figure 4 is linear in room temperature [4] and non nonlinear for temperatures below 77 K [28] . LPGs fabricated in standard optical fiber shows temperature sensitivities from 3 nm / 100 0 C to 10 nm / 100 0 C [4] . This is an order larger than the FBG sensitivity. One can achieve lesser sensitivity by using LPGs having periods less than 100 µm because in this case the coupling takes place at higher cladding modes where material contribution plays is very less. For example, LPGs having periods less than 40 µm shows sensitivity of about 1.8 pm 0 C -1 which is less than that of FBG [3] .
LPGs fabricated in photosensitive B-Ge doped show much larger sensitivity of about 275 nm/100 0 C if proper mode order and coupling wavelength is chosen [29] . It has also been shown that if the fibers are surrounded by a material having large thermo optic coefficient the sensitivity is enhanced. These LPGs respond to both temperature and temperature induced refractive index changes as well [30] [31] [32] .
Temperature insensitive LPG can also be obtained by using athermal packaging [3] . This is achieved by bonding the fiber with a substrate like aluminium cylinder having a thermal expansion coefficient which induces a strain on the fiber. This strain causes wavelength shifts opposite to that induced by temperature. This showed about 45 % decrease in temperature sensitivity [33] . Coating the fiber with a negative thermal optic coefficient also decreases the sensitivity to 0.07 nm / 100 0 C [34] . Bend sensitivity also plays a role in reduction in temperature sensitivity [35] .
STRAIN SENSITIVITY OF LPG
Strain sensitivity of LPG to axial strain is given by taking chain rule derivative of equation (1) Equation (3):- [17] The first term is the material contribution brought about by change in refractive index of core and cladding and strain optic coefficient. The second term is the waveguide contribution brought about by the slope dλ/dɅ. For LPGs having more than 100 µm periods, the material contribution is negative and waveguide contribution is positive. Thus by appropriate choice of periods one can achieve positive, negative and zero sensitivity as well [3] .
An LPG fabricated on Corning Flexcore having period of 340 µm showed sensitivity of about 0.04 pm µε -1 [3] which is less than FBG at 1300 nm. LPG having much lesser period of 40 µm showed much larger sensitivity of -2.2 pm µε -1 . The negative sensitivity is due to negative material and waveguide contributions [3] . Figure 5 shows strain sensitivity of LPG fabricated on Corning SMF-28 having period 280 µm [4] . The bands were found to be at 1627.8 nm (A), 1315.9 nm (B), 1197.8 nm (C), 1128.3nm (D). The wavelength shift in band A was found to be non linear due to non linear waveguide contribution. The dotted line shows wavelength shifts of FBG at 1550 nm [4] . When the period is made less than 100 µm then the LPG becomes temperature insensitive and if the period is made more than 100 µm then the LPG becomes strain insensitive. This enables the LPG to be used for measuring any one measurands since these periodicities correspond to regions where LPG can show highest sensitivity to strain and highest sensitivity to temperature. Moreover the dependence of wavelength shifts on coupling to cladding mode order can also be exploited to separate out the strain and temperature responses or measure both the parameters simultaneously [36] .
The effect on strain sensitivity when transverse load is applied on LPG is checked in [37, 38] . When a transverse load is applied on LPG then it induces a birefringence and the attenuation bands are split into two. The wavelengths separation increases with the applied load and this lead to increased sensitivity of about 500 nm kg -1 mm -1 which is 800 times greater than fiber bragg grating [38] .
CONCLUSION
The sensitivity of LPG to temperature and strain depends on the LPG period, the mode order in which the coupling takes place and the fiber composition. Greater temperature sensitivity can be obtained by choosing period more than 100 µm. Techniques to achieve enhanced temperature sensitivity and reduced temperature sensitivity is discussed. Higher strain sensitivities can be obtained by choosing LPG periods less than 100 µm. Application of transverse load on LPG has shown increased strain sensitivity as compared to FBG. The period, mode order and the features of transmission spectrum shows the ability of LPG to show simultaneous and independent responses of temperature and strain. The properties of LPG and its various fabrication techniques are also outlined.
